Superoxide dismutases (SODs) and superoxide radicals in peroxisomes
Peroxisomes are subcellular respiratory organelles that contain catalase and H202-producing flavin oxidases as basic enzymatic constituents [1,2]. In recent years, it has become increasingly clear that peroxisomes carry out essential functions in almost all eukaryotic cells [3-51, and an important characteristic of peroxisomes is that they have an essentially oxidative type of metabolism. SODs (EC 1.15.1.1) are a family of metalloenzymes that catalyse the disproportionation of superoxide (O;.) radicals, and they play an important role in protecting cells against the toxic effects of superoxide radicals produced in different cellular loci [6, 7] . The 
Metabolism of activated oxygen in leaf peroxisomes from stressed plants
The metabolism of activated oxygen in leaf peroxisomes from pea plants subjected to different types of stress, including salinity, copper excess, xenobiotics and dark incubation, was studied in our laboratory. Ions of transition metals, such as iron, copper and manganese, are involved in many free radical reactions that often lead to the generation of very reactive species [6]. The effect in vivo of high nutrient levels of copper (240 pM) on the activity of Mn-SOD and catalase in purified peroxisomes was studied in leaves of two cultivars of pea plants with different sensitivVolume 24 ities to copper [28] . Peroxisomal Mn-SOD activity was considerably higher in copper-tolerant than in copper-sensitive plants. However, under the same conditions, the activity of pea leaf mitochondria1 SODS (Mn-SOD and Cu-Zn-SOD I) and the chloroplastid Cu-Zn-SOD I1 was the same in the two plant varieties. The inhibition of catalase activity observed in leaf peroxisomes from copper-sensitive plants grown under high Cu(I1) nutrient concentrations suggested an increased production of H202 in peroxisomes as result of copper treatment. An increase in the peroxisomal concentration of copper could, under appropriate conditions, originate the generation of the vastly reactive 'OH radicals by reaction of 0;' with H202 through a metalcatalysed site-specific Haber-Weiss reaction [6] . However, copper-tolerant plants could have evolved a protection mechanism against the production of 0;'-dependent toxic species by high levels of copper, by inducing the peroxisomal Mn-SOD and catalase activities. These results indicate a role for peroxisomes in plant cellular metabolism related to copper toxicity, and imply the involvement of active oxygen species in the mechanism of copper lethality.
The effect of NaCl salinity (70 mM NaCl) on the metabolism of activated oxygen has been studied in peroxisomes purified from leaves of two cultivars of pea plants with different sensitivity to NaCl [29] . Catalase activity was inhibited by NaCl in both pea cultivars, and salinity brought about a significant decrease in urate oxidase in peroxisomes from NaC1-sensitive plants. In contrast, the activity of the H202 producer glycolate oxidase was stimulated by NaCl. As glycolate oxidase is a key enzyme of photorespiration [2], this seems to be an indication that this process is affected by salinity. The peroxisomal Mn-SOD activity, the NADHdependent generation of 0;' radicals and the lipid peroxidation of peroxisomal membranes were not altered by salinity [29] , but the internal HzOz concentration of leaf peroxisomes was decreased by growing the two pea cultivars in the presence of NaCl, in spite of the inhibition of the catalase activity and the increase in the H202-producing glycolate oxidase activity. These results suggest that hydrogen peroxide could diffuse out of peroxisomes into the cytosol as a result of NaC1-induced leakiness of the peroxisomal membrane. It has recently been reported that the 43-kDa polypeptide of the pea leaf peroxisomal membrane is reduced by salt stress [25] . The diffusion of H2O2 from peroxisomes to the cytosol is dangerous to the plant cell, as HzOz can participate in diverse toxic oxidative reactions and can also give rise to the highly reactive hydroxyl radical ('OH) [6, 30] .
In rodents and certain primates, some xenobiotics, such as clofibrate (ethyl-a-p-chlorophenoxyisobutyrate), induce the proliferation of liver peroxisomes and peroxisomal fatty acid P-oxidation [ 3 1,321. The existence of a relationship between clofibrate-induced peroxisome proliferation and oxidative stress mediated by Table I Peroxisomal membrane polypeptides involved in 0;' generation in pea leaf peroxisomes Peroxisomes were purified from pea leaves, and peroxisomal membranes were washed with 0. I M Na2C03 to remove the peripheral proteins [25] . Membrane proteins were separated by native PAGE and identified by in situ specific staining [27] . The PMPs of membrane proteins were separated by preparative SDSPAGE and were electroeluted from gels. These PMPs were assayed for superoxide radical production, ferricyanide reductase and cytochrome c activated oxygen species has been studied in leaf peroxisomes purified from pea plants [33] . Incubation of leaves with 1 mM clofibrate produced a remarkable increase in the peroxisomal activity of H202-producing acyl-CoA oxidase and, to a lesser extent, of xanthine oxidase. There was a complete loss of catalase activity and a decrease in Mn-SOD. Ultrastructural studies of intact leaves have shown that clofibrate induces a five-and two-fold proliferation of the peroxisomal and mitochondria1 populations, respectively, in comparison with those in control leaves [33] . In peroxisomal membranes, clofibrate produces a large decrease in content of the 43-and 32-kDa PMPs [ E l . T h e internal H202 concentration of leaf peroxisomes, the NADH-induced generation of 0;' radicals and the lipid peroxidation of peroxisomal membranes are increased by treatment with clofibrate. Considering the electron transport chain of peroxisomal membranes, this would imply that clofibrate promotes the extrusion of membrane-generated 0;' radicals into the cytosol, which would join the H202 leaking out of peroxisomes. This would pose a very serious situation not only for peroxisomes, but also for other cell organelles, such as mitochondria, nuclei and chloroplasts, because of the risk of generating 'OH radicals. The results obtained with clofibrate in plant tissue demonstrate that this hypolipidaemic drug stimulates the production of activated oxygen species (at least 0,' and H202) inside peroxisomes, as well as lipid peroxidation. This effect is accompanied by an inhibition of catalase and Mn-SOD, the main peroxisomal enzymic defences against H202 and OF.. It seems reasonable to propose that a mechanism similar to the one found in plant peroxisomes could also be operative in the peroxisomes of those animals in which clofibrate has been demonstrated to be carcinogenic.
T h e involvement of peroxisomes and their activated oxygen metabolism in the mechanism of leaf senescence has been investigated in detached pea leaves, which were induced to senesce by incubation in complete darkness [ 341. At different senescence days, peroxisomes were purified from leaves and different enzyme activities were measured. Xanthine oxidoreductase activity increased with senescence, especially the 0;'-producing xanthine oxidase. The activity of H202-generating Mn-SOD and urate oxidase was also enhanced by senescence, whereas catalase activity was severely depressed [34] . Apart from the increase in the activity of constitutive Mn-SOD, during senescence two new Cu-Zn-SODS were induced in peroxisomes, one of which cross-reacted by Western blotting with an antibody against peroxisomal Cu-Zn-SOD ( . Ultrastructural studies of intact leaves showed that the population of peroxisomes and mitochondria increased with senescence [34] , and analysis of Percoll 
A role for peroxisomes in plant stress
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